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We studied the electronic structure of a Shastry-Sutherland lattice system, HoB4 employing high
resolution photoemission spectroscopy and ab initio band structure calculations. The surface and
bulk borons exhibit subtle differences, and loss of boron compared to the stoichiometric bulk. How-
ever, the surface and bulk conduction bands near Fermi level are found to be similar. Evolution
of the electronic structure with temperature is found to be similar to that observed in a typical
charge-disordered system. A sharp dip is observed at the Fermi level in the low temperature spectra
revealing signature of antiferromagnetic gap. Asymmetric spectral weight transfer with temperature
manifests particle-hole asymmetry that may be related to the exotic properties of these systems.
I. INTRODUCTION
Physics of disorder is one of the most challenging is-
sues in material science as it is hard to avoid disorder
in real systems arising from defects, imperfections etc.
While it is hard to probe these natural effects, some
lattice structures possess intrinsic disorder on the ba-
sis of electronic interactions leading to exotic proper-
ties providing pathways to probe disorder induced ef-
fects on the electronic properties. Shastry-Sutherland
lattice is one such realization, where the strong diagonal
exchange interaction, J2 forms spin-dimers. Competi-
tion between J2 and inter-dimer interactions, J1 leads
to interesting phase diagram involving spin-liquid phase,
long-range ordered phase etc.1 Plethora of exotic phases
could be derived via tuning some control parameters.
E.g. J. Liu et al. showed that charge carrier doping
(electron or hole) in such systems leads to strong asym-
metry in the electronic properties - while hole doping
renormalizes spin-spin interactions leading to supercon-
ductivity, electron doped systems can be metallic but
non-superconducting.2 Varieties of fields have emerged
based on these spin-disordered parent systems. Exper-
imental realization of these effects are not so common
due to paucity of materials exhibiting such structures.
Most of the studies so far are centered around the com-
pound, SrCu2(BO3)2, where Cu
2+ has spin-half state and
forms the Shastry-Sutherland lattice exhibiting interest-
ing phenomena.3
Recently, it was observed that rare-earth tetraborides
possess structure and magnetic interactions akin to
Shastry-Sutherland lattice as shown in Fig. 1. The di-
agonal magnetic interaction, J2 between the rare earth
moments shown in the figure are strong forming spin-
dimers. These materials exhibit diversified electronic
and magnetic properties depending on interaction, J1
among these dimers relative to J2.
4,5 For example, CeB4
and YbB4 do not exhibit long range order, while PrB4
orders ferromagnetically at low temperatures and most
of the other tetraborides order antiferromagnetically.6,7
Some of them exhibit multiple magnetic phase transi-
tions at low temperature.8 For example, TbB4 exhibits
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FIG. 1. (a) Crystal structure of HoB4. (b) ab plane containing
Ho and B atoms. The lines show strong antiferromagnetic
coupling between Ho sites that form spin-dimers as proposed
in a Shastry-Sutherland lattice.
non-collinear magnetic structure with two antiferromag-
netic phase transitions.9 Non-collinear magnetism with
quadrupole strain and multiple phase transition is ob-
served in DyB4.
5
HoB4 is one among the complex tetraborides
exhibiting multiple magnetic transitions and non-
collinear magnetism.10 The crystal structure of HoB4 is
tetragonal8 with a = 7.085 A˚ and c = 4.004 A˚. Depend-
ing upon the symmetry of the boron sites, there are three
non-equivalent borons: B1 (apical) and B3 (equatorial)
form octahedra, and B2 forms boron dimers connecting
the boron octahedra. The interaction among Ho mo-
ments are mediated by the borons. The spin-spin in-
teractions in the ab-plane as shown in Fig. 1(b) corre-
spond to Shastry-Sutherland type lattice. HoB4 exhibits
two antiferromagnetic transitions - at TN1 = 7.1 K, it
exhibits an incommensurate antiferromagnetic ordering.
The magnetic structure becomes commensurate at TN2
= 5.7 K.11 Resistivity and transport measurements in
the presence of magnetic field exhibit anomalous phase
diagram involving varieties of metamagnetic phase.12 Ev-
idently, HoB4 is complex exhibiting plethora of interest-
ing phases and one of the ideal systems to study disor-
der induced effects in the electronic structure. Here, we
studied the electronic structure of HoB4 employing high
resolution photoemission spectroscopy and ab initio band
2structure calculations. Interesting surface-bulk features
are observed in the experimental spectra. The evolution
of the electronic structure appears to be similar to that
observed for charge-disordered systems.
II. EXPERIMENT
Single crystalline sample of HoB4 was grown using mir-
ror furnace13 and characterized by x-ray diffraction, Laue
pattern, transport and magnetic measurements reveal-
ing high quality of the sample. Photoemission measure-
ments were carried out using R4000 WAL electron ana-
lyzer from Gammadata Scienta and monochromatic pho-
ton sources, Al Kα (1486.6 eV), He I (21.2 eV) & He II
(40.8 eV) radiations. The resolution of the instrument
was set to 450 meV, 5 meV and 10 meV for Al Kα, He
I and He II measurements respectively. An open cycle
He cryostat was used to get the temperature variation
from room temperature to 10 K. The base pressure of the
chamber was better than 5× 10−11 torr during measure-
ments. The sample was extremely hard with no cleavage
plane. We fractured the sample by putting a top-post to
expose clean surface. We also verified the sample surface
by scraping using small grain diamond file. The angle
integrated spectral features obtained from both type of
surface preparations were identical. Reproducibility of
the spectra were ensured after each trial of surface clean-
ing procedures.
The energy band structure was calculated using full po-
tential linearized augmented plane wave method within
the local density approximation (LDA) using WIEN2k
software.14 The energy convergence was achieved using
1000 k-points within the first Brillouin zone. The tetrag-
onal crystal structure8 of HoB4 was considered for the
calculations. Convergence was achieved for the param-
agnetic ground state considering both energy and charge
convergence criteria. In order to introduce electron-
electron Coulomb repulsion among Ho 4f electrons, U
into the calculation, we have employed LDA+U method
considering an effective electron interaction strength,
Ueff (= U − J ; J = Hund’s exchange integral was set
to zero following Anisimov et al.15) for various values of
Ueff upto about 7 eV.
III. RESULTS AND DISCUSSIONS
Probing depth of the photoemission spectroscopic tech-
nique can be varied by changing the electron emission an-
gle. Following this procedure, we studied the core level
spectra using Al Kα photon energy, where the mean es-
cape depth, λ for valence electrons is close to ∼ 20 A˚.16
λ can be made half of its normal emission value if the
photoelectron emission angle is made 60o with respect
to the surface normal. The Ho 4d core level spectra
shown in Fig. 2(a) exhibit identical lineshape for nor-
mal emission and 60o angled emission geometries indi-
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FIG. 2. (a) B 1s and Ho 4d core level spectra obtained at
normal emission and 60o angle with surface normal. The ex-
panded part of B 1s spectra are shown in (b). (c) Valence
band spectra and its rescaled part near ǫF for normal and
60o angled emission.
cating similar surface and bulk electronic structures for
the electronic states associated to Ho. B 1s spectra, how-
ever, exhibit modifications with the change in λ. There
is an overall decrease in intensity of the B 1s peak by
about 10% in the 60o angled spectrum indicating loss of
boron on the surface compared to bulk. B 1s spectra
exhibit two distinct features around 187 and 187.7 eV
binding energies - the relative intensity of these features
changes with the change in surface sensitivity suggest-
ing the surface borons to be somewhat different from the
bulk borons.
The valence band spectra shown in Fig. 2(c) are iden-
tical at both the emission geometries. The near Fermi
level, ǫF part is rescaled and shown in Fig. 2(c) ex-
hibiting unaltered lineshape with the change in surface
sensitivity. This is curious as the intensities near ǫF are
largely constituted by B 2p states and surface borons ex-
hibit subtle differences. These results suggest that the
influence of disorder on the conduction electrons domi-
nates over the translational symmetry breaking occurring
at the surface.
Photoemission being a quantum mechanical process,
the spectral features represent the eigenstates of the ex-
cited state Hamiltonian. If the electron correlation is
finite in a system, these final states, which has a hole
due to photoemission, differ significantly from the ini-
tial eigenstates and multiple features appear in the pho-
toemission spectra associated to different level of screen-
ing of the photoholes, multiplet splitting, etc. The well
screened feature is usually termed as the main peak and
other features are called satellites. Conduction electrons
consisting of the hybridized states of Ho (5d6s) states
and B 2p states are expected to be weakly correlated as
both possess large degree of itineracy due to large or-
bital extensions. It is to note here that electron correla-
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FIG. 3. Temperature evolution of (a) Ho 4d, (b) 5p, (c) B 1s
and (d) Valence band spectra. (e) Fit to the B 1s spectrum
- lines are the fit curves. (f) Energy shift of the component
peaks with respect to 10 K data.
tion among Ho 4f electronic states is strong. However,
these states primarily appear far away from ǫF making
Ho (5d6s) states and B 2p contributions dominant at ǫF .
Thus, satellites are not expected in this system. In con-
trast, the core level spectra of Ho exhibit significant final
state effects with distinct satellite features. This is found
in all the core level spectra as depicted in Figs. 3(a) and
3(b) for the 4d and 5p spectra, respectively. Presence
of the satellites indicates that electron-electron interac-
tion cannot be neglected in this system as also observed
in various other 4d and 5d systems.17 Change in tem-
perature down to 10 K does not influence the spectral
lineshape.
B 1s spectra, on the other hand, are significantly in-
fluenced by the temperature - a gradual shift towards
lower binding energy is observed in Fig. 3(c) with the
decrease in temperature, which cannot be represented by
a rigid shift of the experimental spectrum. Three distinct
features, A, B and C are required to simulate the experi-
mental spectra at any temperature as shown in Fig. 3(e).
The linewidth (∼ 0.74 eV), energy separation (∼ 0.7 eV)
and relative intensity of the features B and C remain al-
most the same across all the temperatures studied. The
peak position of the feature, A exhibit different temper-
ature dependence as shown in Fig. 3(f). The intensity of
B relative to C increases in the 60o angled emission spec-
trum compared to the normal emission one suggesting
dominant surface contribution in the feature B.18 Higher
binding energy of the surface boron signal compared to
the bulk signal can be associated to surface reconstruc-
tion, defects, surface inhomogeneity that may lead to an
effective reduction of negative boron valency.
There are three inequivalent borons in the lattice
as shown in Fig. 1. Since the number of neighbors
and bond-lengths are significantly different for octahe-
dral borons (B1 and B3) and boron dimers (B2), the
Madelung potential is expected to be different for these
non-equivalent sites. Interestingly, the ratio of the in-
tegrated area of the peaks A and C is about 1 : 2.8,
which is similar to the number ratio of B2 and B1+B3
(1 : 3). Thus, the peak A can be attributed to B2 and C
to the photoemission signals from B1 and B3. B2 dimers
bridge the boron octahedra possessing large delocalized
character compared to the octahedral borons leading to
a larger width of the feature A. The binding energy of
the B 1s peak increases with the increase in temperature
- the increase is much less for dimer borons relative to
the octahedral ones. Such binding energy change indi-
cates enhancement of negativity and/or ionicity of the
corresponding borons with the decrease in temperature.
Thus, 2p electrons of octahedral borons will gain signifi-
cant local character at lower temperatures that could be
related to the long range order in the ground state.
The temperature evolution of the valence band spec-
tra is shown in Fig. 3(d). The spectral intensities in the
vicinity of ǫF appears very similar within the energy res-
olution of AlKα spectroscopy. The features beyond 5 eV
binding energy exhibit a small but gradual shift towards
lower binding energies with the decrease in temperature
(only two temperatures are shown for clarity in the fig-
ure). The energy shift is close to about 160 meV between
300 K and 10 K.
Valence band spectra collected using Al Kα and He II
photon energies are shown in Fig. 4. There are three dis-
tinct features around 5.8, 6.6 and 9.1 eV binding energies.
The intensity of these features enhances significantly at
Al Kα photon energy. The comparison of the sensitivity
of the peak intensities with the incident photon energy
and the photoemission cross section19 suggests large Ho
4f photoemission contribution in these peaks. The inten-
sities near ǫF are primarily due to the B 2p contributions.
In order to clarify these assertions further, the energy
band structure of HoB4 has been calculated within the
local spin density approximations in full potential lin-
earized augmented plane wave method. Different effec-
tive on site Coulomb correlation strength, Ueff for the
Ho 4f electrons has been considered to reproduce the
experimental spectra. The calculated results are shown
in Fig. 4(b). It is found that the electron correlation
strength of about 7 eV produces the Ho 4f↑ and 4f↓ par-
tial density of states at the peak positions observed in
the experimental spectrum.
The partial density of states (PDOS) corresponding to
B 2p and Ho 5d states from the LDA calculations are
shown in Fig. 5. B 2s states dominate between 5 and
10 eV binding energies. Thus, the features around 5.8
and 9.1 eV in the experimental spectrum, can be at-
tributed to Ho 4f↓ and 4f↑ contributions, respectively.
The intensities around 6.6 eV is due to B 2s photoemis-
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FIG. 5. B 2s, B 2p and Ho 5d partial density of states (PDOS)
from the LSDA calculations. A rescaled Ho 5d PDOS (thick
solid line in the bottom panel) is also shown for clarity.
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FIG. 6. (a) High resolution data close to the Fermi level at dif-
ferent temperatures. (b) Spectral weight transfer calculated
by subtracting the 300 K data from all the raw data. (c)
Symmetrized spectral density of states. (d) Spectral density
of states obtained by the division with the resolution broad-
ened Fermi function.
sion signal. Boron 2p states are dominated in the energy
range -5 eV to ǫF . B1 and B3 2p PDOS have relatively
larger contributions at higher binding energies possess-
ing energy distributions similar to that of Ho 5d PDOS
indicating stronger hybridization between the octahedral
borons with Ho relative to the coupling of Ho with dimer
borons, B2. Interestingly, the B1 contribution at higher
binding energies is the largest suggesting strongest cou-
pling with Ho moments.
The changes close to ǫF has been investigated with
high energy resolution using He I radiations. Since the
electron escape depth at this energy is similar to the
60o angled emission in Al Kα spectra,16 the identical
spectral shape for normal emission and 60o angled emis-
sion shown in Fig. 2(c) established that the He I spec-
tra would be representative of the bulk electronic struc-
ture. The raw data are shown in Fig. 6(a) exhibiting
spectral evolution with significant spectral weight trans-
fer across ǫF with temperature as expected in a sys-
tem of Fermions. Interestingly, the difference spectra
(I(T )−I(300K)) exhibit larger change in spectral weight
above ǫF relative to that below ǫF indicating a signature
of particle-hole asymmetry.20 Intensity at the Fermi level
obtained by the symmetrization of the experimental spec-
tra (I(ǫ− ǫF )+ I(ǫF − ǫ)) exhibits gradual decrease with
the decrease in temperature. An additional sharp dip is
observed in the 10 K data reflecting signature of the long
range order in the ground state.21 Spectral density of
states (SDOS) obtained by the division with the Fermi-
Dirac distribution function exhibit similar lineshape with
|ǫ− ǫF |
0.5 dependence at all the temperatures.
Disorder due to the charge degrees of free-
5dom has extensively been studied theoretically and
experimentally.22 Altshuler and Aronov showed that
charge disorder induced effect in a correlated system ex-
hibit |ǫ− ǫF |
0.5 dependence of the density of states near
Fermi level.23 Such disorder effect has been observed in
varieties of systems such as Ge1−xAux,
24 Ni(S,Se)2,
25
oxides,26 etc. Magnetic fluctuations often leads to a
|ǫ − ǫF |
1.5 dependence of the spectral function27 or
|ǫ− ǫF |
0.25 in the vicinity of quantum critical behavior.28
Evidently, the lineshape of the density of states close to
the Fermi level is sensitive to the electronic interaction
parameters as well as disorder induced effects. In the
present case, although the disorder is with respect to the
spin-spin interactions, the spectral function exhibit a 0.5
exponent, similar to that predicted in Altshuler-Aronov
theory. HoB4 exhibits multiple long range antiferrom-
ganetic order with non-linear magnetization direction.
A change in the temperature and magnetic field influ-
ences the transport and magnetism in this system sig-
nificantly suggesting intimate relation between these two
phenomena.5 In addition, geometrical quadrupolar frus-
tration has been observed in this compound indicating
a strong spin-lattice interaction that might be the rea-
son for |ǫ − ǫF |
0.5 dependence of the spectral lineshape.
It would be interesting to see how the spectral function
evolves in the proximity of spin liquid phase.
IV. CONCLUSION
In summary, the electronic structure of a non-collinear
Shastry-Sutherland lattice system, HoB4 is studied us-
ing high resolution photoemission spectroscopy. The re-
sults show subtle differences and loss of boron at the sur-
face compared to the bulk. Ho core level spectra exhibit
signature of satellites suggesting role of electron correla-
tion among the conduction electrons. The valence band
spectra corresponding to the surface and bulk electronic
structures are found to be similar. The spectral intensity
near the Fermi level possess dominant 2p orbital charac-
ter and exhibit disorder induced depletion of density of
states. An additional sharp dip at 10 K is observed that
can be attributed to the long range order in the ground
state. Spectral weight transfer with temperature is found
to be asymmetric with respect to ǫF revealing signature
of particle-hole asymmetry. Spectral lineshape in the
vicinity of the Fermi level in this spin-disordered system
exhibit 0.5 exponent, which is similar to that found in
charge disordered system.
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